Over the last decades, phytodepuration has been considered an efficient technology to treat wastewaters. The present study reports a bench scale depuration assay of swine wastewater using Lemna minor. The highest observed growth rate obtained in swine wastewater was 3.1 ± 0.3 gDW m , respectively. The chemical oxygen demand removal efficiency in the swine wastewater assay was 58.9 ± 2.0%. Furthermore, the biomass valorisation by anaerobic co-digestion with swine wastewater was assessed. Results showed a clear improvement in specific methane production rate (around 40%) when compared to mono-substrate anaerobic digestion. The highest methane specific production, 131.0 ± 0.8 mL CH4 g −1 chemical oxygen demand, was obtained with a mixture containing 100 g of duckweed per liter of pre-treated swine wastewater. The water-nutrients-energy nexus approach showed to be promising for swine waste management.
INTRODUCTION
Livestock intensive production is one of the main contributors to Greenhouse Gas (GHG) emissions and direct or indirect water pollution. Swine wastewater is widely
• Assess the efficiency of duckweed for nutrients removal from pre-treated swine wastewater;
• Test the applicability of anaerobic co-digestion for biomass valorisation.
MATERIAL AND METHODS
This study was developed in a closed-cycle farm located in Ribatejo region (Portugal). The farm has about 500 sows, 1,620 nursing pigs and 4,000 growing pigs, and complies with the industrial emissions Directive 2010/75/EC (24 November 2010).
Swine wastewater characterisation
Swine Wastewater (SW) management system includes a storage tank, solid-liquid separation followed by a lagoon system: 3 anaerobic lagoons (total volume 6,039 m 3 ) and 1 facultative lagoon (5,474 m 3 ) after which SW is applied to 213 ha of land belonging to the farm owner. Composite SW samples were collected from the storage tank, under stirring. Samples were pre-treated by sieving to remove coarse materials (PSW) and kept at 4 °C until they were analysed. Samples were characterised by various water quality parameters (Table 1) [20] . The Electric Conductivity (EC), temperature and pH were measured with pH 340i (WTW, Germany). 
0.9 ± 0.1
Plant material and experimental conditions L. minor was obtained from ponds located in Oeiras, Lisbon area. Following collection, the duckweed was rinsed gently with water and the healthy fronds were acclimatised in laboratory environment with constant temperature (23 °C) under a photoperiod of 12:12 h light/dark (7,500 lux) in plastic aquaria either in Hoagland solution [21] and in 4% pre-treated swine wastewater (43. ), whose concentration of nitrogen and phosphorus is similar to the facultative lagoon installed at full scale.
Duckweed was cultured in 5 L plastic container (28 × 20 × 14 cm) at 24 ± 1 °C, for 10 days, with a photoperiod of 12:12 h light/dark, with light intensity of 7,500 lux. Three batch tests were conducted to evaluate duckweed nutrients uptake, using a 4% dilution of pre-treated swine wastewater (DWS1, DWS2 and DWS3). Three positive controls using Hoagland solution (DWH1, DWH2, DWH3) and three negatives controls using 4% diluted swine wastewater without duckweed (S1, S2, S3) were provided. A total of 12 g of fresh material were inoculated, in the DWS and DWH systems, to cover 80% of the entire water surface with a single layer of fronds. During the assays, temperature, pH, conductivity, COD and the nutrient concentration were monitored every day. Any water lost due to evaporation was replaced every day throughout the experiments with distilled water.
Duckweed growth was evaluated during the assays. To measure duckweed Fresh Weight (FW), the surplus water was removed and subsequently the biomass was weighted. To measure the Dry Weight (DW), the samples were dried at 60 °C until the weight was constant. The content of the organic Carbon (C) in the dry duckweed was measured in Skalar Primacs sc TOC analyser equipment. The Nitrogen (N) and phosphorus content were measured according to reference methods [22] . The growth rate and nutrient uptake rate were determined as follows:
Biomass yield g m day = plant densities g m × relative growth rate day
(1)
Nutrient uptake rate g m day = biomass yield g m day × nutrient concentration g g
Statistical analysis All treatments were performed in triplicate. Analysis Of Variance (ANOVA) was used to determine the effect of culture medium on duckweed growth and nutrients uptake. Means were compared by the Tuckey's test at a 5% significance level.
First-order kinetic equations were used to describe COD, TP and NH4 + -N removal from assays. The kinetic parameters were determined from linear regression of the integrated rate equation:
where CA is the concentration (mg L ) and k is the first-order rate constant.
Anaerobic co-digestion trials
Co-digestion trials were performed in a 6 L Continuously Stirred Tank Reactor (CSTR) (working volume of 4 L) at 37 ± 2 °C. Figure 1 presents a scheme of the benchscale reactor. (5); Gas flow meter (6); Gas analyzer (7); PLC (8) The reactor was continuously operated with PSW until steady state conditions were achieved (data not shown), with a Hydraulic Retention Time (HRT) of 10 days. After this period a mono-digestion trial using only PSW (Phase I) was conducted during 20 days (2 HRT), after which fresh Duckweed Biomass (DB) was included (Phase II) as cosubstrate, using a mixture of 100 g of DB in 1 L of PSW. Phase II lasted 40 days (4 HRT).
The most important physico-chemical parameters, such as: pH, EC, TS, VS, COD, TKN and NH4 + -N were monitored in feedstock. Process performance was controlled by monitoring the Organic Loading Rate (OLR), Gas Production Rate (GPR), biogas quality and Specific Methane Production (SMP). GPR was measured daily (Contigea Schlumberger instruments gas meter) and biogas quality [composition in Methane (CH4), Carbon dioxide (CO2) and Hydrogen sulphide (H2S) was determined weekly by a portable equipment (GAS DATA Multifunction analyser)].
RESULTS AND DISCUSSION

Swine wastewater characterisation
Physic-chemical characterisation of PSW is presented in [23, 24] . Regarding total solids, it should be mentioned that the characterised slurry has a content 2-3 times lower than that found by other authors [23, 25] probably due to an inefficient use of water.
Duckweed growth and nutrient removal
The temperature and pH of the culture solution was 25.0 ± 0.7 °C and 7.37 ± 0.42, respectively. The biomass production revealed a lag phase of two days followed by an exponential growth until tenth day, beyond which no growth was observed (Figure 2) . Similar results were found by Yin et al. [19] , obtaining the maximum biomass production at day 12, with a photoperiod of 12:12. Also, they reported a 7,500 lux as the optimum light intensity for duckweed growth. Although, the biomass yields of small-leaf floating macrophytes are quite lower than for large-leaf floating aquatic macrophyte such as Eichhornia crassipes or Piscia stratiotes [26] , the ability of duckweeds to assimilate nutrients from culture medium has been reported by different authors as comparable [4, 27] . 
DWS DWH
The change of nutrient in the swine wastewater container covered with L. minor indicated that there was organic matter, N and P reduction in the culture medium ( Figure 3 ) during the lag phase of growth, which may be related to the accumulation of nutrients in the cells, as reported by Cheng et al. [7] . The behaviour of organic matter, determined as COD concentration, in the growth assays containing duckweed and control followed first-order kinetics, with a reaction rate constant k of 0.267 and 0.317 day −1 (Figure 3a) . Initially, there was a sharp decrease in organic matter content, which remained roughly constant after 3 days of growth. These results indicate the existence of readily biodegradable organic matter, since the slope d(COD)/dt of the consumption of organic matter is rather sharp curve. In swine wastewater, about 58.9% of COD was removed by duckweed system over 52.8% by control system. Typically, part of the organic matter is degraded due to the activity of microorganisms and algae, which proliferate in the culture medium. The introduction of duckweed in the system may have created synergies, contributing to the improvement of the treatment process.
The reduction of phosphorus concentration throughout the growing DWS (Figure 3b ), was about 66% compared to 20% of the S assay. The removal of phosphorus in the control assay may be due to the growth of microorganisms and algae that utilize phosphorus in their growths, although in small quantities. Vermaat and Hanif [28] conducted several batch growths of macrophytes plants, during 12 days, in domestic wastewater and found that Azolla and Lemna were responsible for about 18% and 56% removal of total phosphorus, respectively. The phosphorus removal rate due to plant uptake was 3.47 mg P m . These results show that under test conditions, Lemna has a great capacity to remove this nutrient.
Regarding nitrogen removal (Figure 3c ) during the first 3 days, no major differences between DWS and control S were observed. Conversely, after 10 days of culture, 74% of NH4 + -N was removed from the DWS assay compared to 45% in control. These results are in accordance to Monselise and Kost [29] , who reported that L. minor removed nitrogen mainly in the form of ammonia.
Although Debusk et al. [30] reports a 54% removal of nitrogen containing hyacinth lagoon, Oron [31] found an efficiency of removal of ammonia in the range of 40 to 90% depending on the hydraulic retention time in the tank containing Lemna. Zimmo [32] also evaluated the duckweed performance to remove nutrients and obtained an ammonia removal efficiency of 26-41%, depending on the pH, which reveals somewhat lower than that obtained in this study. Nitrification was the other pathway for NH4 (Table 2 ) was slightly lower than in DWH but no significant differences were attained. Although the authors assert that the productivity of biomass can be influenced by the composition of culture medium [33] or wastewater characteristics [34] , results have shown that PSW, at 4% of dilution, are suitable for growing duckweed.
The study was conducted in lab scale but the scale-up seems to be promising. Based on a facultative pond with 10,000 m 2 , and considering productivity obtained as the annual average, it is possible to obtain an excess of fresh biomass of 105 ton ha 
Biomass valorisation by anaerobic co-digestion
Many studies have focused on the application of Lemna minor in the treatment of wastewater, recovery of nutrients, and use as a food ingredient for animals, but none addressed these aspects simultaneously. In this study, an integrated approach of biomass production and valorisation, nutrient recovery from wastewater and production of a renewable energy is assessed. Table 3 presents the feed used in Phase I (mono-substrate) and Phase II (co-digestion). Table 4 summarizes the behaviour of performance parameters along the two AD phases. 9.5 ± 1.5
7.6 ± 0.8
As it can be seen from Table 3 , the feed mixture leads to 46% increase in VS and 20% in COD, resulting in a 27% increase in C/N ratio what may enhance methane yield production in the co-digestion phase due to a slightly more favorable medium for efficient microbial growth. Results presented in Table 4 show that the introduction of duckweed leads to a 20% increase in OLR, followed by a 40% increase in GPR. Regarding SMP, the same trend was observed, with a 41% increase with co-digestion. This fact is in accordance with the slight increase in C/N ratio favouring conversion of organic matter to biogas.
The results obtained for SMP, 93.0 mL CH4 g VS by co-digesting cassava pulp with swine wastewater with a HRT of 15 days. Molinuevo-Salces et al. [37] studied the effect of adding vegetable processing wastes as a co-substrate in AD of swine wastewater, also assessing the impact of two different HRT (25 and 15 days) on SMP. They were able to conclude that the reduction of HRT from 25 to 15 days led to an increase of SMP from 90 to 201 mL CH4 g −1 VS, for swine wastewater alone, and from 277 to 285 CH4 g −1 VS for swine wastewater and vegetable processing waste. This fact indicates that the reduction of HRT lead to an increase of OLR and consequently a higher amount of substrate available for microorganisms. Nevertheless, results achieved are in accordance with those found in literature that indicated that anaerobic co-digestion could increase CH4 production of manure digestion [38] depending on the operating conditions and the co-substrates used [39, 40] . Although further studies are required to better understand the synergetic effect of duckweed as co-substrate, it was shown that it is a potential bioenergy source having excellent growth behaviour in swine wastewater and nutrient removal efficiency. Furthermore, the optimization between depuration efficiency, mainly nitrogen removal, and the C/N ratio suitable for AD should be addressed in future studies in order to establish the best strategy for the integrated approach at farm scale.
As the experimental design took into consideration the swine wastewater management practices carried out in a swine production farm and also the characteristics of the lagooning system implemented, it can be expected that the lab-scale study described will be applicable at a full-scale. Furthermore, some of the practical constraints of growing duckweed in a batch container will be avoided at full-scale continuous mode.
The holistic conceptual approach would include depuration of swine wastewater by growing duckweed, enhancing energy production from co-digestion of duckweed biomass and swine wastewater and using the surplus of duckweed biomass to replace other protein sources for animal feed. This last aspect is also worth exploring as feed is one of the main costs of swine production and highly contributes to the economic crisis presently affecting the sector.
CONCLUSION
Lemna minor was grown in swine wastewater and effectively removed N and P, producing valuable biomass. The highest observed growth rate was 3.10 ± 0.25 gDW m . The average removal efficiencies observed during the depuration assays (DWS) were 58.9 ± 2.0% for COD, 66.1 ± 2.7% for P and 74.0 ± 2.1% for NH4 + -N. Anaerobic co-digestion trials showed that there is a clear improvement in gas production rate (40%) and methane specific production (41%) when L. minor is used in the feed mixture compared to mono-substrate digestion. The experiment demonstrated that constructed floating wetlands can be used for treating swine wastewater and growing duckweed biomass, mitigating the environmental impact caused by livestock production and producing an added-value by-product. The suggested integrated approach could be implemented at farm-scale for swine wastewater management, growing L. minor in swine wastewater at the last lagoon (facultative) and using the resulting biomass for anaerobic co-digestion. The digestate from AD and the depurated swine wastewater could potentially be used as a source of nutrients and water in the surrounding agricultural fields. This vision is in line with the most recent trends regarding resources and waste valorisation, aiming at promoting a circular economy, recovering energy, water and nutrients from swine wastewater. 
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